P element insertion is essentially random at the scale of the genome. However, P elements containing regulatory sequences from Drosophila engrailed and polyhomeotic genes and from the Bithorax and Antennapedia complexes show some insertional specificity by frequently inserting near the parent gene (homing) and͞or near genes containing Polycomb group response elements (preferential insertion). This phenomenon is thought to be mediated by Polycomb group proteins. In this report, we describe a case of homing of P elements containing regulatory sequences of the linotte gene. This homing occurs with high frequency (up to 20% of the lines) and high precision (inserted into a region of <1 kilobase).We present evidence showing that it is not mediated by Polycomb group proteins but by a new, as yet unknown, mechanism. We also suggest that P element homing could be a more frequent phenomenon than generally assumed and that it could become a powerful tool of Drosophila reverse genetics, for which there is no other described gene targeting technique.
Transposable elements are potent and useful mutagens because they generate a detectable and reproducible lesion on insertion. In Drosophila melanogaster, the P transposable element has become particularly valuable because it moves with high frequency and can mediate germ line transformation (1) and because its transposition can be controlled by limiting the availability of transposase (2, 3) . These properties, added to the use of different engineered P elements, have made this transposon one of the most powerful tools of Drosophila genetics.
Although P element insertion sites are distributed throughout the genome in a pattern indistinguishable from random if a small number of hot spots are excluded from consideration (4), some biases are known to affect P element insertion: (i) Euchromatic sites are hit more often than heterochromatin (5); (ii) some euchromatic loci are much more susceptible to P mutagenesis than others (6); (iii) within genes, there is a preference for insertion in the 5Ј noncoding sequences (4); and (iv) target sites with close matches to the consensus octamer GGCCAGAC are more likely to receive P element insertions (7, 8) . This broad spectrum of insertion has been used to isolate numerous mutant strains but does not allow the targeting of P elements to particular sites.
However, a few exceptions to this rule have been described. P elements including specific regulatory sequences from the Drosophila engrailed (en) gene and from the Bithorax and Antennapedia homeotic complexes (BX-C and ANT-C) have been shown to insert in the genome, in a selective manner, often near the endogenous gene (9) (10) (11) . This phenomenon of insertion near the parent gene has been called ''homing'' (9) . Moreover, these transposons, along with transposons including regulatory sequences from the polyhomeotic (ph) gene, have been shown to preferentially insert into chromosomal locations known to contain binding sites for some Polycomb group (Pc-G) proteins on polytene chromosomes (12) (13) (14) . In addition to modifying the insertional specificity of P elements that contain them, these regulatory sequences also interfere with the expression of the miniwhite marker gene (15, 13, 16) . Furthermore, the eye color of strains containing such P elements is modified by Pc-G genes mutations (13, 16) . Finally, these P elements create new binding sites for Pc-G proteins at their chromosomal localizations (refs. 14, 17, and 18; S. Bloyer and J.-M.D., unpublished results). To account for the unusual properties of these P elements, it has been proposed that the regulatory sequences they contain are Pc-G response elements (PREs) on which Pc-G proteins can bind and form their regulatory complex (13, 14) . This implies that the modification of insertional specificity of P elements including PRE could be explained by interactions between transgenic and resident PREs mediated by Pc-G proteins (13, 19) .
Here, we report a case of P element homing mediated by regulatory sequences of the linotte (lio) gene (20) . We show that P elements including regulatory sequences of this gene (P[lio]) insert with high frequency and precision into the lio resident gene. We also present evidence strongly suggesting that this homing occurs by a PRE-independent mechanism that does not involve the Pc-G proteins, and we propose that P element homing could be a more frequent feature than generally assumed.
MATERIALS AND METHODS
Fly Strains and Culture. All strains were maintained on standard medium food at 25°C. All variants used are described in Lindsley and Zimm (21) , except when stated in the text. The generation and identification of the lio 1 and lio 2 mutations have been described (20, 22) . The drl P3765 (called here drl P ) mutant has been described by Callahan et al. (23) .
Construction of Transposons. The P456 genomic insert was cloned as an 11-bilobase (kb) BamHI fragment from a CosPeR (24) genomic clone uncovering the 5Ј region of the lio locus into the P[CaSpeR4] transformation vector (25) . One of the flanking BamHI sites is not present in the endogenous genomic DNA, which migrates as a 19-kb BamHI fragment ( Fig. 1) The P423 element was constructed by cloning the 1.6-kb HindIII fragment (Fig. 1 ) from a pBluescript II KS(ϩ) (Stratagene) subclone into the pX27 transformation vector (A.
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PNAS is available online at www.pnas.org. PCR and Sequence. PCR was performed in 10-l volumes on Drosophila genomic DNA samples extracted by the simple single-fly procedure (30) . Denaturation, annealing, and extension were at 94, 58, and 72°, respectively, for 30 seconds each. The number of cycles was 30. All amplifications used Dynazyme II DNA polymerase (Finnzymes, Helsinki).
Localization of P elements within the lio gene was done with primers: #02 gaacgcacacaaattggcaaataattgccc, #11 agttttaactgcagttcggc, #21 cctattttttttttgcttctgcaagc, #20 gatggcccccaacttgc (Fig. 2) , KP5Ј atacttcggtaagcttcggctatcgacg, and KP3Ј ctcgcacttattgcaagcatacgttaagtggatg, which extends from the 5Ј and 3Ј ends, respectively, of P elements in the direction of the adjacent genomic DNA. Five microliters of each PCR sample then were electrophoresed on agarose gels. As PCR products migrated as a single band, the remaining 5 l of PCR samples were reamplified in 40-l volumes in the same conditions as previously described using the same pair of primers and sequenced.
DNA sequencing was done by the dye termination method using a Perkin-Elmer automatic sequencer according to the manufacturer's instructions, with an internal primer in the P element inverted repeats: Pir gacgggaccaccttatgt for the PCR products and with different primers spread over the sequence for the 1.6-kb HindIII fragment.
RESULTS
An 11-kb Genomic DNA Insert Can Target P Element Transposition to the Resident Fragment. In the course of the study of the lio locus (cytogenetic site 37D on chromosome 2L), we constructed the P456 transposon in which an 11-kb genomic DNA fragment was cloned into the P[CaSpeR4] transformation vector (Fig. 1 ). This fragment corresponds to the 3Ј end of an adjacent gene and the promoter, first exon, and beginning of the first intron of the lio gene. After injection of the P456 element, 10 independent w ϩ strains were recovered. One of them was homozygous viable but displayed a partial pupal lethality with lengthened dead pupae identical to the phenotype observed in lio mutant stocks (data not shown). By Southern blot experiments, this particular P456 element was mapped within a 1.6-kb HindIII fragment corresponding to the 
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Proc. Natl. Acad. Sci. USA 96 (1999) 5Ј end of the linotte gene ( Fig. 1 ), near the site of the PlacW element responsible for the lio 1 mutation (data not shown).
To test for the reproducibility of this phenomenon, an X-linked P456 element was mobilized to autosomes. Twentyone independent new autosomal P456 insertions were recovered and tested for linkage with the lio 1 PlacW element. For this, females trans-heterozygous for each of the new P456 insertions and the lio 1 P element were generated and mated with w males. The progeny of these crosses then were screened for w individuals resulting from segregation of the two w ϩ marked P elements, which indicates that the P456 insertion tested was not inserted near the lio locus. If no w individual was observed, the P456 strain tested was considered as a candidate for insertion at the lio locus, and the P element was mapped. Of the 21 P456 strains, two showed linkage with the lio 1 P element. By Southern blot experiments, these two P456 elements were mapped within the 1.6-kb HindIII fragment, near the lio 1 PlacW element (data not shown).
To determine more accurately the orientation and localization of these insertions, PCR tests were performed by using primers in the 5Ј and 3Ј ends of P elements and primers in the lio region (Fig. 2) . Insertion sites of the P elements then were determined by DNA sequencing of the PCR products. The three P456 elements appeared to be in the opposite 5Ј to 3Ј orientation relative to the original lio 1 insertion and were found very close to each other with only four bp separating their different insertion sites. The lio 1 PlacW element was found to be inserted at the same nucleotide as one of the P456 elements (Fig. 2) . A 1.6-kb Genomic DNA Insert Can Target P Element Transposition to the Resident Fragment. Because all of the P456 insertions obtained at the lio locus occurred within the same 1.6-kb HindIII fragment, the ability of this piece of DNA to target P element transposition was tested. For this, we took advantage of the P423 transposon ( Fig. 1 ) in which this fragment is driving the lacZ gene (A. Simon, F. Savary, and T. Préat, personal communication). An X-linked P423 insertion was mobilized to autosomes. Seventy-one independent autosomal insertions of P423 were recovered and tested for linkage with the lio 1 PlacW element as previously described. Among them, 15 showed linkage, and 14 of these were shown by PCR to have inserted into the endogenous genomic 1.6-kb HindIII fragment in one orientation or the other. The majority of the P423 elements inserted at the lio locus were found clustered in the same region as the P456 elements, with 10 of them localized in a 36-bp fragment (Fig. 2) .
One P423 insertion showed linkage to lio but was not localized by PCR to the endogenous genomic 1.6-kb HindIII fragment, nor could it be mapped to the 50-kb genomic region surrounding lio by Southern blot experiments (data not (20) and drl P (23) ], gray triangles represent P456 elements, and open triangles represent P423 elements. The arrow represents the 5Ј to 3Ј orientation of the P elements. When several independent P elements were found at the same position in the same orientation, the number of occurrences is indicated within the triangle.
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Genetics: Taillebourg and Dura Proc. Natl. Acad. Sci. USA 96 (1999) shown), suggesting that this insertion has occurred by a homing-independent mechanism. As a control, an X-linked P element containing a DNA insert unrelated to lio (see Materials and Methods) was mobilized from the X chromosome to the autosomes by using the same scheme of crosses as for P[lio] elements. One-hundred and thirty-six autosomal strains were generated and tested for linkage with the lio 1 PlacW element as previously described. One of them showed linkage and was tested by PCR for insertion into the lio gene by using the same strategy as for the P[lio] elements. In this strain, the insertion is not in the genomic
Elimination of the Target Region of the P423 Elements Abolishes Their Homing Properties. To assay whether the resident sequences that drive the transposition of the P423 elements to the lio locus are restricted to the 5Ј part of the gene, mobilization of the X-linked P423 starter element to autosomes was done by using a second chromosome bearing the lio 2 deficiency (Fig. 1) . This 4-kb deletion was produced by imprecise excision of the lio 1 P element and is an amorphic mutation of the lio gene deleting the 1.6-kb HindIII fragment (22) elements have inserted into the lio locus via a P-mediated mechanism and not by homologous recombination. First, Southern blot analyses of the three P456 insertions indicate that the 11-kb BamHI fragment included in these transposons is intact and that the endogenous 19-kb BamHI fragment has been disrupted by the insertion of the transposons. In no way can homologous recombination account for such a structure. Moreover, further analyses of the P456 insertion recovered after injection indicate that the integrated construct has lost the bacterial sequences located outside of the P element in the injected plasmid, suggesting that P element functions have catalyzed its insertion into the genome. Second, PCR amplifications using primers located in both 5Ј and 3Ј ends of the P[lio] elements and primers in the lio gene flanking their insertion sites show that 16 of 17 inserts have intact P ends (one insert was not amplified from the 5Ј end), and sequencing of these PCR products shows that they are flanked by the typical 8-bp direct duplication of genomic DNA, which is a consequence of transposition (7) . Finally, when placed in a transposase-producing background (3), the P[lio] elements inserted within the lio locus show somatic mosaicism, which indicates that they can be recognized by P transposase. Moreover, one of them was used to produce w derivatives. Molecular characterization of these excision lines show that most of them correspond to internal deletions of the original element (data not shown), as described for classical P elements (7, 31, 32) . Taken together, these results show that P[lio] elements inserted within the lio locus have all of the features of classical P elements and that their insertion has occurred by P transposase-mediated transposition and not by homologous recombination.
P[lio] Elements Show Neither Transvection nor Patterned
Eyes. As pairing sensitivity (i.e., eye coloration darker heterozygous than homozygous) and mosaic coloration patterns in the eye were described for P [ autosomal strains were generated by mobilizing the wSac35 X-linked element in which a 7.5-kb engrailed promoter fragment was cloned into the pw8 transformation vector (9) and was tested for linkage with a Pw ϩ element inserted at the engrailed locus. One of these lines did show linkage with en, was homozygous lethal, and did not complement the Df(2R)en SFX31 and Df(2R)en B deficiencies (21) . This P[en] insertion has thus occurred in the engrailed gene, confirming that, as described (9), the wSac elements were able to produce homing.
It has been shown that mutations in some Pc-G genes could modify the eye color of some P[en] elements (13, 16) . We tested the effects of ph mutants on the eye color of the 14 autosomal wSac produced. The ph 410 allele (34) showed a strong effect, with 8 lines of the 14 tested having darker eyes in ph 410 mutant background. For comparison, 32 P[lio] elements representing P456 and P423 elements inserted (8͞32) or not (24͞32) at the lio locus were tested in the same conditions. None of these P[lio] elements showed any modification of their eye color in ph 410 mutant background. These results establish that, although it has a strong effect on P[en] elements, mutation in the ph Pc-G gene has no effect on P[lio] elements.
To ensure that P[lio] elements do not contain any Pc-G response element that is unresponsive to ph mutation but that may respond to other members of the Pc-G, we analyzed two P423 elements and two P456 elements (one of each inserted within the lio gene) by comparing eye color between elements in a wild-type background and in backgrounds heterozygous for one strong (null if possible) mutant allele of each of the known Pc-G genes (see Materials and Methods). None of these genes was found to modify the eye color of the P[lio] elements tested whereas a large number of them are known to affect the eye color of P[ph] and͞or P[en] elements (13, 16, 35) . These results show that mutations in the Pc-G genes have no effect on P[lio] elements.
DISCUSSION
linotte Regulatory Sequences Mediate Very Precise P Element Homing. In this study, we describe the behavior of P elements containing either 11 kb (P456) or 1.6 kb (P423) of lio regulatory sequences. When mobilized from the X chromosome, the P456 and P423 elements show as many as 10% (2͞21) and 20% (14͞71), respectively, of insertions into the lio resident gene. In contrast, a P element containing a DNA insert unrelated to lio mobilized and screened under the same conditions as P[lio] elements does not show any insertion into the lio gene (0͞136). It should be noted that two transposons that do not include any lio regulatory sequences (PlacW and P[etau-lacZ]) responsible for lio 1 (20) and drl P (23) mutations, respectively, are inserted in the lio gene. They were derived from screens of Ͼ4,000 independent lines (20, 23), indicating that the lio gene is hit at a frequency of Ϸ0.05% by P elements devoid of lio regulatory sequences. Thus, the exceptionally high rate of P [lio] homing depends on the presence of lio sequences in the transgenes and cannot be explained by the lio gene being a particular hot spot for neutral P element insertions.
Moreover, the precise mapping of the P[lio] elements inserted in the lio gene reveals that most of these insertions (14͞17) have occurred within a 36-bp fragment, with some of them having the same target sites (Fig. 2) . The PlacW and P [etau-lacZ] elements inserted in the lio gene also were mapped within this 36-bp fragment at the same target site as four P[lio] elements (Fig. 2) . The target sites used by several independent P elements match imperfectly the consensus for P target sites (7, 8) but lie near the lio transcription start site, as expected (4). Thus, the precise insertion of P[lio] elements within the lio gene seems to depend on P biases for transcription start sites rather than on lio sequences included in P[lio] elements.
We also have observed that a 4-kb deficiency removing the 5Ј part of the lio gene prevents the homing of P [lio] elements. This implies that the sequences that drive P[lio] elements to the resident lio gene are contained within this 4-kb deficiency and are not spread over the lio locus. It is likely that these sequences are restricted to the 1.6-kb HindIII fragment, which is sufficient to promote P[lio] homing.
Taken together, these results suggest a two-step mechanism for P[lio] elements homing: (i) P [lio] elements are targeted to the lio resident gene, in the very close vicinity of the promoter, by interactions with regulatory elements contained in the 1.6-kb HindIII fragment of the lio resident gene; and (ii) P[lio] elements select a target within the lio promoter according to a P[en]dependent mechanism.
The striking precision of P [lio] homing is different from what has been observed with P[en] elements whose insertions at the en locus are spread over a 200-kb region (9, 12, 16) . P element homing within the BX-C also has been described (11), and P elements containing a 7-kb fragment from the bxd͞iab2 region were found distributed over the entire BX-C. These observations suggest that sequences that drive insertion of these transposons are spread over the resident locus.
In addition to homing, P[en] elements also show preferential insertion near genes expressed in stripes during embryogenesis (12) . For example, several independent P[en] insertions have been obtained in the wingless and escargot genes (36), suggesting that the resident sequences that drive P [en] insertions are also present in other genes. Compilation of the results published by Hama (9) and Kassis (15) reveals that 37% (23͞62) of their P [en] elements are inserted at chromosomal sites that also are known to be binding sites for polycomb (PC) or polyhomeotic (PH) proteins (18) . In contrast, a random sample of P element localizations extracted from Flybase show coincident localizations with PC or PH binding sites in only 13% (18͞137) of the cases. Preferential insertion to PC or PH binding sites also has been described for P elements containing regulatory elements from the BX-C (14) and from the ph gene (13) . These results strongly suggest that the resident sequences that attract P elements containing regulatory sequences from en, ph, and BX-C are the PREs. It should be noted at this point that the 2D, 48A, 84AB, and 89E bands, in which ph, en, ANT-C, and BX-C, respectively, are located, are binding sites for the PC and PH proteins (18) . This suggests that the homing of P elements containing regulatory sequences from these genes is a particular case of preferential insertion into PRE containing loci.
In contrast, the chromosomal localization of the lio gene (37D), which is the target of P[lio] elements, has not been described as a binding site for Pc-G proteins (18) All of the P elements for which homing or preferential insertion have been reported are P elements containing PREs (9, 10, (12) (13) (14) . Indeed, P[en] elements often show pairing sensitivity, mosaic coloration of the eye, and enhanced coloration in Pc-G mutant background (15, 13, 16) . The same properties have been described for P[ph] elements (13) . Moreover, P[ph] elements create new binding sites for PC and PH proteins on polytene chromosomes (S. Bloyer and J-.M.D., unpublished results). P elements carrying regulatory regions of ANT-C and BX-C also possess PRE activity and create new binding sites for PC proteins (17, 18, 14) .
In contrast, the results presented in this report clearly establish that the lio regulatory sequences included in P[lio] elements do not confer any of these properties. Furthermore, because the endogenous lio locus is not a target for Pc-G proteins on polytene chromosomes, it is very unlikely that P[lio] elements would create a new binding site for these proteins. Finally, a conserved sequence motif in PREs (CNGCCATNDNND) recently has been observed (37, 38) . This motif is not present in the 1.6-kb HindIII fragment contained in the P423 elements (Fig. 2) . Taken together, these results strongly suggest that P[lio] elements do not contain any PRE.
P[lio]
Elements Homing Occurs by a New, PRE-Independent Mechanism. The observation that P[PRE] elements preferentially insert into PRE containing loci has led to the hypothesis that Pc-G proteins complexes bound to the transgenic and endogenous PREs could interact together and bring the transposon to the vicinity of the locus into which preferential insertion occurs (13, 19) . The variable composition of the Pc-G proteins complex at different PREs (39) could account for variable behavior of different P[PRE] elements. Furthermore, it has been shown that PREs are spread over 100-kb around the en gene (40) and all over the 340 kb of the BX-C (39). This could explain why the homing of P [PRE] elements is region-specific rather than site-specific (9, 12) .
This model does not apply to P[lio] elements homing because no PRE has been detected at the lio locus or in P [lio] elements. We suggest that P[lio] elements homing is not mediated by Pc-G proteins complex but by a new, as yet unknown protein or complex of proteins whose features should be the following: (i) expressed in the germ line as transposition events occur in this tissue; (ii) capable of specific binding to the 1.6-kb HindIII fragment, which is sufficient to promote P423 elements homing; and (iii) able to mediate interactions directly or indirectly between two pieces of DNA on which it is bound and to bring them together. Sequence analysis of the 1.6-kb HindIII fragment does not reveal any candidate for mediating P[lio] elements homing. Whatever this putative protein is, these results show that other kinds of protein-protein interactions than those mediated by the Pc-G proteins are able to target the insertion of transposon constructs.
Could P Element Homing Be a Frequent Phenomenon? The existence of two distinct systems leading to P element homing raises the question of how frequent this phenomenon is. P element homing was first described in the course of the study of the en regulatory regions by linking the en promoter, or portions of it, to a reporter gene in a P element vector (9) . Because these regions are complex (41), the only strains that 6860
Genetics: Taillebourg and Dura Proc. Natl. Acad. Sci. USA 96 (1999) reproduced the correct en pattern were insertions into the en resident gene. The same results have been obtained with regulatory sequences of the ANT-C (10). On the other hand, in most cases of promoter studies, the correct expression pattern is readily reproduced, and only a few transgenic lines are made and studied. This implies that, even if homing could occur, it would be missed very easily. In this study, the homing of P[lio] elements was detected because 1 of the 10 P456 strains obtained after injection displayed a partial pupal lethality with lengthened dead pupae identical to that observed in lio mutant stocks. This phenotype is specific to lio mutants and is displayed even by hypomorphic lio alleles. If P element homing occurs with a gene whose mutations do not display such a specific phenotype (i.e., total or partial lethality but without any obvious morphological defects), the phenotype observed in a strain in which P element homing has occurred would be attributed to random insertion in a gene leading to the same nonspecific phenotype, and the phenomenon would be easily missed. Thus, we believe that P element homing could have gone unnoticed and may constitute a more frequent feature than generally assumed.
This hypothesis is supported by the report of Cherbas et al. (42) , who coined the term ''parahomologous'' targeting to describe the frequent insertion of transfected DNA near the endogenous gene in Drosophila cultured cells. These insertional events are not caused by homologous recombination and have been attributed to an efficient, homology-dependent pathway of illegitimate recombination. However, it is tempting to speculate that there is a common molecular basis for this parahomologous targeting and for the homing of P[lio] elements. In this latter case, the properties of P transposition would add precision and efficiency to this phenomenon.
For this reason, we suggest that P mutagenesis designed to obtain insertions in a particular gene should be done with P elements including regulatory sequences of this gene. Indeed, if these sequences can mediate high-frequency homing, as is the case for the lio gene, the use of such P elements will increase the probability of insertion in this gene, and the isolation of a mutant strain will be much easier than with neutral P elements. Consequently, P element homing could provide a new, powerful tool to produce mutants of cloned genes and facilitate Drosophila reverse genetics, for which there is otherwise no technique for targeted gene disruption.
